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INTRODUCTION. 



Where the back of a sustaining wall is vertical, the 
calculations necessary to determine its thickness are^ in 
most cases, simple and easy; but when the back is 
inclined, the calculations are always laborious and fre- 
quently impracticable. 

The geometrical methods explained in this paper are 
applicable to most of the cases likely to occur in prac- 
tice. They may be applied by any one who will follow, 
step by step, the directions given on the several sheets, 
whether he understand the principles or not. The time 
required for one of these constructions is much less than 
that required for the calculations : say, in case of an or- 
dinary scarp wall, as one to four. The graphic process 
cannot, of course, attain entire accuracy; to test its accu- 
racy, a particular case of each problem was submitted to 
calculation. 

The difference between the results of calculation and 
construction in no case exceeded 4 of an inch ; while the 
mean difference was i an inch. 

The difference S" occurred in a wall 20' high, support- 
ing a parapet embankment 40' high ; being j^-^ the thick- 
ness. The scale should be as great as convenience will 
permit; for the larger the scale, the smaller the absoluite 
error. 

The first section is a translation from the French; the 
remainder is partly compiled and partly original. 

Wherever the double sign ± or q: occurs, in the for- 
mulas of the text or of the several sheets, the upper sign 
invariably refers to a wall whose back is inclined out- 
wardly, or from the embankment, as in fig. 1, plate 12; 
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and the loioer sign invariably refers to a wall whose back 
is inclined inwardly, or towards the embankment, as in 
fig. 2, plate 12. 
' Between the years 1841 and 1848, the late Lt. Col. 
Aud6, of the French Corps of Engineers, made experi- 
ments upon the pressure of earth, which verify completely, 
so far as they go, the theory now generally adopted. 

The machinery used was very simple, and so contrived 
as almost entirely to avoid the sources of error which 
have attended nearly all other experiments having the 
same objects in view. 

These experiments have established the fact that the 
pressure of earth creates a friction upon the back of the 
wall favorable to its stability. But until more informa- 
tion is obtained as to the nature and amount of that 
friction, it is thought best to disregard it. It seems 
highly probable that this friction will diminish as the 
embankment settles^ and that it will be in part or wholly 
suspended by shocks of cannon, thunder, or earthquakes. 

It is always less than the friction of earth upon earth, 
the coefficient of the former being to that of the latter, 
in the case of coarse dry sand, as 3 to 4 ; in the case of 
fine dry sand, as 3 to 8. 
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SECTION I. 
Oeometrical Investigation of the Maximum Thrvst. 

[Extracted from a Memoir upon the stability of Reretments and their foundations, 
by M. PoNCSLBT. Translated from the French.*] 

1. Let BHIEPJL, {plate VII, fig. 1,) be a profile of 
a prismatic embankment, resting upon an inclined plane 
BH, representing the back of a wall, prolonged upwards 
through the mass of earth, if any, which covers the wall; 
let us seek, for any point J, of this plane, the prism 
6HIEX6, which tends to detach itself, and which exerts 
upon the plane 6H the maximum thrust.f 

For greater generality, we shall take into view, at the 
same time, the friction of the earth upon itself, along 
any line of separation JX, and of the earth upon the wall 
or earth along BH. Let/''==tang. ^' be the coefficient 
of this last friction, of which the angle with the horizon 
will be measured by ^'. Let ^ represent the angle be- 
tween the natural slope and a horizontal ; a the angle 
between that slope and a vertical, and/=cot. a=tang. ^, 
the coefficient of friction of earth upon itself. Desig- 
nating by N and N', or in magnitude and direction by pq 
and p^q'j the total pressures acting perpendicularly upon 
6X and 6H, and forming the rectangles pqmn^ p^q'm'n'j 

* Commencing at page 133, paragraph 137, of No. 13, Memorial de I'Officier 
du G^nie. 

f The original of Poncelet extends the inyestigation all along to a principle 
foreign to the object of this paper. In leaving out irreleyant matter, it has been 
necessary to depart a little, now and then, from the original, which must not, 
therefore, be regarded as responsible for errors of principle, if any, in the trans- 
lation. 
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in which the angle qpm is equal to <^, and the angle 
q']^m/ equal to ^', we have /N=zpq. tang. ^=qm=pn; 
/''N'=p'g''. tang. ^'=jp'n', representing in magnitude and 
direction the frictions due to these pressures, along JX 
and hR. 

2. Hence the resultants 



N . ^. _. ., — ^„ N 



-^ "^ cos. ^ ^ "^ COS.. 4)' 

which we shall call respectively F and F', taken in 
a contrary sense, represent the true actions upon the 
planes JX and 6H, due to the prism of earth in its eflfort 
to descend along these planes; while the same result- 
ants, taken in their proper directions, are henceforth the 
only forces which ought to be in equilibrium with the 
weight p surf. &HIEX&, of that prism, which we shall 
call Q, p representing the specific gftivity of earth. 
Now if from the point J, we drop, upon their directions 
prolonged, the indefinite perpendiculars ba and ba% they 
will form. by their intersections with some horizontal aa^y 
itself perpendicular to the direction of Q, a triangle aa% 
which being considered as invariably connected with the 
prism from which it is derived, since the angles ^ and ^' 
are given, ought itself to be in equilibrium under the ac- 
tion of the forces F, F', and Q, perpendicular to its sides; 
that which, from a well-known static principle, requires : 
IsL That these forces be all directed from the exterior 
towards the interior, or from the interior towards the 
exterior, of the triangle in question; a condition which 
will evidently be fulfilled only so long as the inclination 
of the line JX, upon the vertical, shall be less than that 
of the natural slope of earth, since otherwise ha pass- 
ing to the left of 6a' without F and F' changing in sense 
or sign, the mode of action itself would be changed. 
2d. That the sides of the triangle aha' be respectively 
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proportional to the forces which are perpendicular to 
them; that which furnishes the relations; 

ba ha ha' 

pm or F=Q— }=F'r"/' pW or F'=Q — ,, 

^ aa' ha' ^ aa' 

to calculate, when 6X shall have been properly chosen, 
the values of P and F', of which the last should more- 
over satisfy the condition of being a maximum, among 
all those which correspond to different positions of 6X. 

3. We shall reduce these expressions to others still 
more explicit, if we suppose the triangle haa' to be 
turned, bodily, around its summit 6, an angle X6a= 
gpm=^, that is to say by an angle equal to that of the 
natural slope of earth with the horizon, so that the di- 
rection of ha shall coincide with that of 5X, and the di- 
rection of ha' with that of the right line JO, forming with 
6H or 6G, the angle 0&G=0&a'+a'6G=^+^', that is to 
say, equal to the sum of the angles of friction of earth 
upon itself and upon masonry. 

Now, the horizontal side aa' becoming, at the same 
time, parallel to the natural slope, of which the direction 
is represented by the right line JM, which cuts EF, pro- 
longed at M, we can substitute in the above expressions 
of F and F', for the sides 6a, ha', aa' of the triangle 
haa'y the sides JX, hx, and Xx of the triangle hxK, 
formed by drawing from an arbitrary point X, to 60, the 
parallel Xx to 6M. Moreover, we can always suppose 
that, by known geometrical methods, we have trans- 
formed the figure &HIE&, into an equivalent triangle 
&KE, of which the base KE, situated upon the direction 
of EF, and the altitude JT, are both known. Hence the 
values of F and F' will become, i p. JT. KX represent- 
ing the weight of the prism of earth JHIEX or JKX; 

ftX hx • 

F=i p. 6T.KX.^, F'=i p. JT.KX.^. 
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But, supposing it desirable to construct directly the value 
of P or N, when the position of bX is given a priori^ or 
has been obtained by the conditions of the problem, it 
will be more simple to determine first the magnitude of F', 
and to deduce from it that of F, by means of the relation ; 

ha xji^X 
6a' bx ' 

Thus we shall henceforth treat only of the expressions 
for F', in which KX, bx, and Xx are variables, or inde- 
terminates, which we must try to reduce to the least 
possible number, by referring, them all, for example, to ' 
60, of which the direction cuts that of EF at 0. 

4. Among the different means of attaining that object, 
we select the following, because it reduces the solution of 
the question to considerations purely elementary. Ee- 
marking that the similar triangles OaX, 06M give Xx : 
OX : : JM : OM, there results ; 

^ , ,^0M KX.Jx , . ^^,, ^. KX.6x 
F=^j>,6T,-^x ^^ =i p, sin 06M. Ob. q^ > 

since the area of the triangle 06M can be expressed in- 
differently by J6T. OM or by J sin 06M. 06. 6M. 

Then drawing, from the point K, the ordinates Ky and 
KY, upon and parallel reciprocally to 60 and 6X, we 
shall have, from the similar triangles KXY, 06X, and 
the relation KY=6y; 

F'=J p. sin 06M. bx. hy, 

an expression easy to construct, and of which it is neces- 
sary to find the maximum, by varying the position of X 
upon EP. 

For that purpose, we remark that the points x and y 
sustain upon the right line 60, a very simple graphic re- 
lation, which we shall discover if we project the fixed 
point K, upon this line, at h, by the ordinate KA; parallel 



uaAmxju thrust. 243 

to Xx or 6M ; for we shall then have, by similarity of 
triangles, 

^7=^=^5 hence Ox. Oy=OJc. 06. 
Oa; ok Oy 

Then, if from the point 0, we draw to a circle de* 
scribed upon kb, as a diameter, a tangent 0/, so that 

0<==0A;. Ob=zOx. Oy, the new circle which shall touch 
this tangent at t, and pass through either point, cc, of the 
points X and y, will pass also through the other; and if 
we draw, from the point 6, the tangent bu to it, we shall 
have, 

— 2 ^ ^2 

bu=:bz. byy F'=iJ p. sin OiM. bu\ 
which will furnish for F' a very simple construction, to 
which we may give a new form, by observing that the 
angle WfcK, supplement of 06M, is equal to the angle 
ba'a formed by ba' with the horizon, so that the sine of 
06M is nothing else than the cosine of the inclination to 
the vertical of this last line, which makes itself, with 6G, 
the angle a'&G=m'jpY=:<|)'. Naming the angle which 
measures this inclination, e', an angle always known, 
since ^' is known, and JH given in position, we have 

F'=Jjp. cos f'. bu. 
5. We readily perceive that the maximum value of F', 
which we shall call P, among all those which can per- 
tain to the face EF of the mass of earth, corresponds, 
since 06M is constant, to the maximum value of buy that 
is, to the smallest of the circles which, without ceasing 
to meet 06, are tai^gent to 0^ at ^, and consequently to 
the one which touches 06 at some point x', comprised 
between the extremities and 6. We have, therefore, for 
the position of 6X, relative to the maximum demanded, 

* 0xf=Ot=y/0k.0b, bu=bxf, 
P=J p. sin 06M. (6xO=i i>. cos e'. (6x0'. 
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Having thus found a/, if we project it upon OM or EF 
at X', by the parallel a/ X' to 6M, bX' will be the cor- 
responding position of the line of rupture; which we shall 
obtain directly by taking, upon OM, OX'=-v/OK.OM, 
as is evident from the parallelism of the lines Kk, X'a/, 
and 6M. 

6. This solution reduces, to tracing the lines 60 and 
6M, constructing the triangle 6KE, equivalent to the 
polygonal area SHIES, and taking upon OM the mean 
proportional OX' between OK and OM in order to obtain 
X', or upon Ob the mean proportional Ox/ between Ok 
and 06, in order to obtain a', and thereby P ; this solu- 
tion, as we perceive, is entirely independent of the posi- 
tion of the plane 6H, in relation to a vertical from the 
point 6, or rather it remains the same whatever that 
position may be. But it is necessary to remark that it 
belongs to the proposed problem only so long as the point 
X' falls between the extremities E and F of the particu- 
lar face under investigation ; for if it fell above or below, 
it would be a sign that the line of rupture or of maxi- 
mum pressure 6X', would itself belong to a face situated 
above or below EF, which it would be necessary to sub- 
stitute for this last (EF) by applying to it the same 
construction, in which the lines 60 and 6M evidently 
will not change. 

7. The discussion shows clearly : 1. That the tangent 
bUy and consequently the pressure F' relative to diflFerent 
positions of the supposed line of rupture 6X, which is 
nothing when this line is confounded with the direction 
6M of the natural slope, no longer exists — becomes imar 
ginary, when the point X is taken beyond M, in reference 
to or G. 2. That bu and F' go on increasing as the 
point X approaches X', or x approaches x\ 3. That 
they decrease after repassing through these same values, 
as X is removed from X' towards the point K, at which 
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they again become nothing, and which, with M, serves 
as a limit to the different positions which bX, can take, 
in affording real values to 6t^ or P'. 

8. These last circumstances require the intersection 
M, of the parallel 6M, to the natural slope, with the di- 
rection of the side EF, considered in particular, to be 
situated beyond the point K in reference to 0; that 
which requires the inclination of EP, when it is directed 
towards the wall, to be more gentle than that of the 
natural slope. If the contrary took place, or even if EF 
were parallel to 6M, the absolute value of F', always 
nothing when bX. is confounded with 6K, would he sus- 
ceptible of no true maximum, or rather, it would increase 
without ceasing, as X was removed from K, to infinity ; 
that is, from the side opposite, to the position which the 
point M would then take. Now it results from the above, 
and more especially from this that no tangent could be 
drawn from the point to the circle described upon kb 
or KM as diameter, that the rupture could never take 
place in a face EF, of the embankment, steeper than the 
natural slope; but that this rupture, on the contrary, 
would always take place. in a face less steep, and further 
removed towards the interior of the embankment; and 
this is conformable to experience, (a) . 



SECTION 11. 

Momenta and Arms of Lever. 

9. Of this subject the reader may find a very complete 
investigation, for embankments of every kind of outline, 



(a) That is to say, the steep face breaking into others more gentle than the 
natural slope, the rupture viU take place in one of the latter. 
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in Poncelet on revetments, No. 13, MSmonal de V Officier 
du Q6niey commencing at page 146. 

We shall here take up only the most simple case : that 
in which the embankment is limited by a straight line of 
indefinite extent (not steeper than the natural slope) for 
, which we offer the following analytical demonstration. 

The maximum pressure, as we have seen, (par. 5,) is 

* — ^ . 
expressed by i ^^ cos e' hx\ in which hx' for the case in 

hand bears evidently a fixed ratio to the slant height 

6H. See subjoined diagram : 




So that, representing that height by Xj the constant by c, 
and the thrust by P, the moment in reference to H by 
M', and m reference to h by M, we have, l?=zcs^y 
dP=2 ex. dx.=the differential of P, or elementary thrust 
at the distance x from H. We have also rfM'=dP. a?= 
2c3i?dx; and by integration, 

M'=§ (x^: hence, ^'=§.x.=§JH: or, M'=P^: 

hence the point of application of the thrust is on 5H at 
two-thirds of its length frcmi H, or one-third its length 
fr^m 6; so that, in reference to the latter point, the mo- 
ment M will be P. i 6H; and the arm of lever, i 6H. 
Now it is shown by Poncelet, pages 12 and 13 of 
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Captain Sanders's translation, or pages 24, 25, of the ori- 
ginal work, that for parapet embankments, having an 
exterior slope not steeper than the natural slope, the 
*4ever arm of pressure" never exceeds J BH by raot^ 
than ^ BH; and that the excess is generally much less. 
We have, therefore, in all the constructions, assumed it 
at J BH : BH being the back of the wall extended to the 
surface of the embankment. 

The coefficient of stability has been assumed at 2, 
amply sufficient to cover any little error from that or 
other sources. 

We give, moreover, in paragraph 25, the means of mo- 
difying the constructions for any given arm of lever and 
coefficient of stability. 

When the outline of the embankment is concave, as 
in Prob. 8, we have still regarded the arm of lever as } 
BH; though it may be a little less. 

These relations remain the same, whether the back of 
the wall be vertical or oblique. 



SECTION m. 
Exjplanation of the Oeometriccd OonetrtwtionB. 

10. Notation.— Plate VII, fig. 2. 
A=height of wall=A(f. 
e=:thickness at base=AB. 
6"=mean thickness=«' — a horizontal midway, between 

top and bade. 
_p=specific gravity of embankment. 
jp'=specific gravity of wall. 
4>=:angle between natural slope and a horizontal. 
/=tangent 4>=coefficient of friction of earth upon ear&. 
/'=coefficient of friction of the wall upon its lower courses 

or top of foundations. 
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/"=coefl5cient of friction of earth upon wall and earth, 
along BH : assumed at 0, throughout — a supposition 
favorable to stability. 

P=maximuin thrust of earth upon BH. 

q. BH[=ann of lever, or distance from B to the point of 

. arm of lever 
application of the thrust P. q=: grj . 

M^moment of thrust in reference to A, the centre of 
rotation. 

5'==the distance between A and a vertical passing through 
the centre of gravity of the wall and miperimposed 
earth. 

5=coefficient of stability in reference to rotation, assumed 
at 2 throughout the constructions : that is, the thick- 
ness of wall is so determined that its moment, increased 
by that of the superimposed earth, shall be double that 
of the thrust : both taken in reference to A, the centre 
of rotation. 

M'=the moment of the wall and superimposed earth= 

5'=coefficient of stability in case of sliding; assumed 

at 2. 
f=angle between the back of the wall and a vertical. 

11. We shall obtain the general equations, and apply 
them successively to the several cases. 

In estimating the value of M', we have first drawn IH' 

so as to make (J3l=J^ CH : then constructed the equiva- 
lent triangle Da'C, regarded as having the density p of 
masonry, and therefore as heavy as the triangle IHC 
possessing the density j? of earth. 

We may, moreover, without sensible error, regard 
their centres of gravity as being on the same, vertical 
line. For the mixed area ADIHB we have now substi- 
tuted the homogeneous one ADa'B. The centre of gra- 
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vity of the latter, or of any quadrilateral ADa'B, fig. 
3, may be found as follows: Draw the diagonals DB, 
Aa', intersecting at D' : mark C the centre of DB ; and 
on Aa' lay off AO'=D'a'. Join CO' and lay off C'«'= 
iCO : «' is the required centre. For, joining AC, q!Q,\ 
the centre of gravity of ADB is at^) — ,Cp=JCA; and 
that of Da'B at/— Cjp'=i (ya!. These triangles have 
a common base,* and therefore areas proportional to the 
altitudes Ac, a!d ; or the proportional lines AD', a'D'. 
The combined centre is on jpp' at some point «', dividing 
that line in the inverse ratio of the areas, or of the seg- 
ments AD', D'a'. O'C evidently effects that division. K 
we bisect Aa' at B', lay off BA'=D'D and join A'B', the 
centre «' must be on this as well as CO'; and therefore at 
their point of intersection : either of these methods may 
be adopted according to convenience. 

Projecting «' on AB at^we have Ate=5'; a'i being 
drawn parallel to DB we have the area ADa'B=AD»B;=: 

A.( — ^— ^)=A. fe»'; and M'==p'. A. <»'. A«. (1) 

When the back of the wall is vertical, it will sometimes 
be convenient to give to M' another form. See fig. 1, ^7afe 
14. We evidently have 

M'=momt. Ac?CB— momt. AcTO+momt. IHC. 

= J p'. A. ^—\. p'. h. {dDy+ J. p. IC. CH. da. 



Af.v4 



t— (<g>)' P' IC. CH. da: 
h 3A "^ p'.hl' 



in which de is the distance between A and the vertical 
passing through the centre of gravity of ICH. 

We have, by construction, CH'=^H; and, by simi- 
larity of triangles, ^, 

BC: CI: : CH': Ci=J^h^=JtJ^^L^ 

h p'.h ' 
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Making the substitution^ we have, 

Returning to plate 7, jj^. 2 : let p be the point of. appli- 
cation of the thrust P j jpp', Aa perpendicular, and Ap' 
parallel to BH. 

Ap'=Bpq:Ba=j. BHq=sin b. e. 

Giving to M' its value in equation (1) the relation 
M's=2M becomes 

p'. h. tn\ A«=2P. Ap'. 

Now, in all the constructions, (see for instance Prob, 5, 
plate 12,) we have P= J jp. cos e. (*P)^ Hence, 

2tn\ Aa 2 p. cos e. (hPY , , 



• or 

2tn'. Ag _ 2p. cos e. (5P)» 
h ~^ p'.h* 



(» BHqic. sin e) (4) 



Supposing s=o, or the back of the wall vertical, and 
giving to M' its value in equation, (2) we have, 

e» (dD)« a. d8 _2 p BH. (5P)« 

To the last we may give another form, observing that 
d8=e — Ge, viz: 

e»+Ci. e=:h \3^r-^ +^-^^+-^^j (6) 

12. We shall now explain the several constructions in 
order; in reference, however, to rotation only: the addi- 
tional steps necessary to determine the sliding thickness 
all readily flow from equations (8, 9,) paragraph 23. 
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Problem 1. 

13, Equation (5,) which is applicable to this case^ .be- 
comes, with a slight change in the lettering, 

h^ sh ay h • 

We have, by construction. 
Hence, by substitution, 



T—Am+B'L: or e^\/h. An— AB. 



PrcHem2. 

14. Is included in Problem 5. See e:i:pIanation of the 
latter and concluding remarks. 

Problem 3. 

15. For this case, we have equation (5,) which, with 
slight changes, in the lettering, becomes, . . 

f Clds 2p. B'H. (&P)« (<fD)« 
h h " Sf.h? U '' 

"We have by construction and similarity of triangles, 
An-^. E'er <fo: : C'»: <?r— ^. 

^^'-W *^"'Mr "v^T-- 

, XT ^;i 7.TJ ft^i. ^L_ 2j). RH. (^P)« 
hc:hL::hh: JB j^ g^-^ . 

And, (not represented in the diagram,) 
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Hence^ by substitution, 

An+dr^hR+Am. or, An'^nfp. 
the condition of exact equilibrium. For further expla- 
nation, see Problem 4. 

Problem 4, 
16. Equation (3) applies directly to this case. 
2tn\ As 2p. cos s. {hPy. Ap 
h "" f.h^ 

We have, by construction and similarity of triangles, 

2tn' As * 
*N : NN' : : A« : An— — f — , since NN'«<n', and «N« J A. 

JV--. A; *L— jy---^rx-5 and 
since Ja««»2Ai/, and Jc««» : 

■^ ' cos £ 

We have now, by substitution, as the condition of exact 
equilibrium, 

An«i&R, or An^nr. 

The first member represents the tendency to equilibrium ; 
the second, the tendency to rotation. 

If equality between these tendencies does not exist, 
and the first exceeds the second, or r fall below A, it is 
evident that the wall has an excess of stability; and vice 
vered: the principle of approximation is obvious. 

Pivblem 5. 

17. Here IC is known, and we complete the wall 
TICB of the given altitude and slopes. Let AB be the 
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required base, and x represent the unknown distance TA. 
The required wall consists of TICB increased or dimi- 
nished by the parallelogram constructed on TA, TI, 
whose moment, in reference to A, is p. h. x. \lx+n£) . — nt 
being one-half the total departure of TI or AD from a 
vertical. We now have 

Mtmj/. h. X. (J x+fU)+j/. h. M. (Ta+x), or 

M' a^ , 2nn'.x^ 2tn\T8 



ij^.h* h^ h 
At the same time, we have 

M-P. (g-. rik=F(TB+x). sin e), or 

o 6L. cos B. BH 2 JL. cos b. sin b. TB 26L. cos e. sin e. x 

=' — h — ^ h ^ — -h 

The equation 

M' o_M_ 

developed and arranged, now becomes 

a?+2 (nn'±C08 e. sin e. hL) x-h.(i!'^' ^ ^- ^^ 

2tnf. Ta 25L. oos e. sin e. TB\ 
A-=^ h ) 

the upper of the double signs belonging to fig. 1, the 
lower to^. 2. By construction and similarity of trian- 
gles, we have 

«n—Bm'«»n'N-»BZ. sin e-»6L. cos c. sin £; 

Tx* ^- ^^ ^I*- <50S e. BH 
be: oL:: oa: oR— — gr"™^ X J 
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TniTs:: eW: 8r J^*^\ ^^ , since i?M'-«n', and Tn-J, h; 

h 

Tn : TB : : m : */-26L^^2LLilL£LTB, 

h 

The above equation may now take the form 

a«+2 («n'±w'N)-A (JR— (^rifi/).) 

The construction provides for the double sign, since we 
have nN«ww'±w'N, and r/«^±^. Hence, 

a?+2nN-A. 6RJ-^. rr'. 



OJ' 



If the top of the wall is entirely uncovered, data being 
given for the determination of the thrust, whatever the 
outline of the embankment may be, we have always tf^ 
J 1^; and consequently sr always equal «T. Such is always 
the case in Problems 2 and 8. 



Problem 6. 

18. The demonstration of this is every way like that 
of Problem 5. 

Ptdblem 7. 

19. We have applicable to this case equation (6,) 
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and^ by construction and similarity of triangles, we have 

Jc:M::6L:5E-5^-2^BRW 

h Op. h. 



Hence, 



C^mi; BC: C,:: Ci: 0-C!_Cf. 

oh a 



^+Ci. 6«A. (JR+o'+Cr)-^. Bn, 



-_iCi+Bt?-AB. 

Problem 8. 

20. For explanation of this, see that of Problem 5, and 
concluding remark. 

Problem 9, 

21. The earth resting upon the top of the wall, regard- 
ed as limited by the horizontal dUL and the vertical De?, 
and as having the density p of the wall, acts precisely 
like so much masonry in preventing rotation. For further 
explanation, see Problem 1. 

Problem IQ. 

22. This gives the thickness of a wall resting on an 
inclined foundation, in view of sliding only. Referring to 
the accompanying diagram, in which nq^ n'^ represent^ 
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in magnitude and direction, the thrust P, and the weight 
W, both transmitted to the line of the base, 



angle jm^^wPftB 
iBnPB~4iBP 
«90«— aBP 




iwiingie between the back of the irall and a Tertical. 
i^^aaangle between the base and a horizontal. 
tf^^Bonean thicknoM of wall aboTO A or horizontal Ab^» 
pHsthmst of earth. 
Wasfweight of wall and of eavth (IHC) which Bmrnoimts it 



we have, perpendicular to the base, the forces F sin. 
{s+^) ; W. cos 6^; and parallel to the base, the forces 
P. cos (6+^); W. sin ^: Hence, /' still represent- 
ing the ratio of resistance to pressure, the equation of 
equilibrium of forces parallel to the base, W. sin ^+ 
(W. cos ^+\ P. sin {e+^)) /-2P. cos {b+^), in 
which the thrust proper is multiplied by 2 — ^the coeffi- 
cient of stability. ^' representing the angle of which /* is 
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the tangent; the above equation may be put under the 
form 

W.(8m ^+cos 6^,?l5L^)-2P.(cos {€+^)— 
Bin (6+^).^^) 

W. (sin ^. cos 4>'+cos ^. sin 4>')— 2P. (cos (f+e^) cos 
4>'— sin {b+^) sin 4)') 

W.sin(6^+4>0-2P.cos (4>'+€^+e)-2Rcos (^+6^) cose— 
2P. sin (4>'+f^) sin e. 

or, dividing throughout by sin (5^+^'). 

W« 2C0S..P ^g .^ p 
tang (i^'+O 

The equivalent triangles ABC, AnC, have the common 
part Aft'C, leaving ABZ/— wfrC—wW. In like manner^ 
we have CW—ICH', hence 

Substituting in the above equation for W this last value, 
and for P, ip. cos e. (6P)*; dividing throughout by j/. A. 
and transposing terms, we have 

^ p. co8» c. (ftP)» p. sin 2g. (^P)* _^^ /^x 

""i/. A, tang (4>'+f'0 2i/. A * ^ ^ 

We have made 6V-^, so that 6L-^1-®1\ 
We have, also, 

6w«-6u\ cos B^hf. cos* €— iL. cos* e^^ -^ — ^. 

p. h. 

in the right-angled triangle U6r, where 6U«-5m, and an- 
gle 6rU-(4>'+0, 
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tang (4>'+0 p. h. tan (<^'+0 
v^^h 6L. sin 2.-^.^'»^^^^;(^^)«rB. 

We may now put equation (7) under the fonn 

e"— 6r — Rr — v/«iR — rf; 

or c*+i?/»iR; which, as e^«Tt?, becomes, Tt?+v<»6R, 
or T<«- JR, in which the first member represents the tend- 
ency of the wall to stability, the second member its tend- 
ency to motion: it is the equation of exact equilibrium; 
but, if Tt exceed JR or q fall below T, there is evidently 
an excess of thickness, and vice versd. The principle of 
approximation is obvious : it assumes that the curve of 
which p and p are points, is practically coincident with a 
right line for short distances above and below Tt. The 
nearer one of the points jp, jp', to T/, the more accurate 
the result, which should always be verified by applying 
the process to it, and observing whether the resulting 
point g fall upon T. For further elucidation of the prin- 
ciple, see Problem 7, remarks (III.) 

It frequently happens that the thickness of wall neces* 
sary to prevent sliding is greater than that necessary to 
prevent rotation. For each particular case the thickness 
in view of both of these tendencies should be determined. 
A method of determining the sliding thickness-base hori- 
zontal, is indicated in the remarks of the several Prob- 
lems. In these remarks, we have made use, for the case 
of sliding, of lines already determined for the case of 
rotation. 

If the sliding thickness is much the greater, means 
should be taken to diminish it, by increasing the resist- 
ance to motion along the base. Counterforts have very 
little effect here. 



SLIDING ON INCLINED FOUNDATIONS. 269 

One of the most obvious and effectual means of dimi- 
nishing the area of the cross section of the wall, is that of 
giving to the foundations an inclination outwards and 
upwards. Problem 10 affords the means of determining 
the necessary thickness for any given inclination of base. 
If the ground itself can give away, the necessary stability 
must be given to it by means of piles and grillages, or 
grillages alone, or other arrangements according to cir- 
cumstances. Piles, when used, should be driven nearly 
perpendicular to the base. 

No precise estimate can be made in advance of the 
gain in thickness likely to ensue from a given inclination 
of base. % 

We may say, however, generally, that by giving to the 
base an inclination of 1 in 10, 1 in 9, 1 in 8, &c., the 
consequent diminution of the mass of masonry is consi- 
derably more than 3^, ^, |, &c., that necessary for the 
base horizontal. 

23. -When the base is horizontal, or e^—0, equation (7) 
becomes 

« p. cos* 6. {bVy p. cos 6. sin e. {bVy . 

" p.'h. tan 4>' "^ p. h 

the lower of the double sign being applicable to a back 
obliqued inwards. 

Substituting for tang ^' its mean value i, hL for its 

equivalent — ^^li-_L, and observing that t;<«- i Cf, we re- 
p. h 

duce the foregoing equation to 

e^«-| VL. cos* fip JL. cos 8. sin s — J Ci. (8) 

which justifies the constructions for the sliding thickness 
given on the several sheets, for those cases in which the 
back of the wall is oblique. 
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On the other hand^ the constructions giveu for vertical 
backs make 

With this modification (8) becomes 

e--26L— J Ci. (9) 



SECTION IV. 
SUzhUity of Foundations. 

24. We have thus far made no mention of foundations^ 
they being supposed perfectly secure. 

The several forces acting on them give rise to two 
tendencies — the one, to sliding along their base where 
they come in contact with the subsoil ; the other^ to rota^ 
tion on one of their edges. 

The sliding contemplated in the constructions already 
given, has reference solely to motion along the lower 
courses of the wall, or top of the foundations. In most 
cases a thickness sufficient to prevent the last^mentioned 
sliding, will also prevent the other: for example, when 
the subsoil is gravel, hard clay, or other compact mate- 
rial ; especially if the same material is embanked in front, 
which is almost always the case. 

But if the foundations rest on soft mud, quicksand, or 
other soft material, they will be likely to slide, unless 
kept in place by piles, sheet piling, or other equivalent 
arrangements. 

This should always be done. We shall suppose this 
danger to be effectually provided for and take up the 
other — ^rotation. Here again, if the ground is immoyeir 
ble, no danger is to be apprehended: such is not the 
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case when the subsoil is compressible or movable. The 
forces acting are the weight of the revetment, the weight 
of the foundations, and the pressure of the earth upon 
the back of the revetment. 

If their resultant pass through the centre of the base 
of the foundations, there can be no tendency to rotation ; 
if it pass within that point the wall will tend to fall back 
upon the embankment, turning round the exterior edge 
of the foundations, the soil under them being compressed 
more and more from front to rear : if it pass without 
that point, there will be a tendency to motion outwards 
round the interior edge of the foundations, the ground 
under them being compressed more and more from rear 
to front. This latter tendency, which is the most to be 
feared, is not sufficient to produce sudden rotation, but, 
being constant, it will throw the wall more and more out 
of place, as the subsoil continues to give way, until finally 
the structure may cease to fulfil its objects, or be entirely 
overthrown. To this cause we may doubtless attribute 
the outward motion which sometimes takes place in scarp 
walls — causing wide cracks between their backs and the 
relieving arches connected with them. 

The depth and extension to the rear are supposed to 
be determined by local circumstances. Problem 11 gives 
the proper thickness on the principle that the resultant 
of all the forces shall pass through the centre of the base. 

W still representing the weight of t}ie wall and super- 
imposed earth, we have the relation 

See paragraph 11; or, turning to plate 17, 
W— i//. h. Aa; or 
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The point of application of W is at s. . 
We have also the relation. 

P«Jp. cosf. (&P)«; 

P p. cos B. (ftP)* 7T T /^ 

The point of application of P is at P', — BP'—g^. BH. 

We now have R5«=Aa, representing the weight of the 
Irevetment, both in magnitude and direction; and Rp«L'jp' 
representing in like manner the thrust of earth. Theif 
resultant intersects the base at <, so that KN»»2^N=*»the 
required thickness if the foundations are rectangular, or 
of equal batters front and rear; for when of that form 
their resultant also passes through the centre of the base. 

If they have an exterior batter E'K', the back being 
vertical, we have drawn F'N at the same inclination. 
The resultant of E'K'NF' passes through the centre ot 
the base as before; it may, therefore, be left out of con- 
sideration ; but, it is necessary to take into the account 
the weight of PFN — the excess of the rear half over the 
front. This new force we combine with the resultant Er 
already determined. 

The weight of FFN is p\ E?!^^, which divided, 

FF' FN 
like the other forces, by J y. A,, gives 1 asFe. 

The force Fe, acting vertically through /,— (I^/"- iFF) 
is now combined with the vertical component of Er, sup- 
posed to act at the point t 

Their resultant intersects <N at V. 

Another principle, it is necessary to remark, has some 
bearing on the stability of foundations : it is the weight 
of earth resting on the rear offset, which, tending to press 
down that end of the foundations, would, if taken into 
the account, somewhat diminish their total length. 

The importance of that offset is very apparent. 
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SECTION V. 
Chefficienla and lever arms. 

25. If the reader wishes to test the methods given in 
this paper by the calculated results of Poncelet^ furnished 
in paragraphs 20, 34, 53, of his Memoir on Revetments, 
the following precautions are necessary. 

The results referred to suppose the walls to be verti- 
cal, both back and face; the exterior slope of the parapet 
to bq parallel to the natural slope of earth; and the co- 
eflScient of stability in reference to rotation to be 1.912. 
Moreover, the tables furnished in 20, 53, suppose the 
natural slope to be 45°, and the densities p, j/ of earth 
and masoniy, to bear the ratio of 2 to 3, 

That Memoir furnishes the means of determining the 
^Mever arm of pressure" for any embankment whatever: 
but as the investigation requires considerable research, 
it will be better to assume that lever, for ordinary para- 
pets, at 3^^ BH; BH being the height against which the 
pressure is exerted, (see 17, Capt. Sanders's translation.) 

Citing in order the several problems, the modifications 
in the several constructions for the rotation thickness to 
suit them to any coefficient and lever arm, and more 
particularly for those above mentioned, are as follows: 

Problem 1 . 
Layoff B'V-r^- A-1.57x^. A, since J« 1.912, and 

B-dblem 2. . 
Lay off 6V- J. -^-1.046 x^. A, since 3-1.912. 



264 SUSTAINING WALLS. 

Problem 3. 
LayoffiV-a^— ^ — "--o—, nearly, since J—1.912, and 

Problem 4. 

2 } jy 2/ 
Layoff 6V« J. ~. ^•^■""■- ^; nearly, since J—1.912, 

and J«3^- 

IhvbUm 5. 

2 2/ «/ 

Layoff JV«jX^.A=1.046x^; and ha^2q. BH« 

iVoftfom 6. 
Lay oflfJV- 1.046 x^.;i. ! 

PrMem 7. 

Lay oflf JV-j4t:. A-1.57x< h. 
0. q. p jp 



Ih>blem 8. 



Lay off BV-|.^. ;i-1.046x^. 7*. 



B-dbiemd. 
Ley off AV-1.57 x ^ x Arf. 
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Problem 11. 
Lay of BF-j. BH^^^^BH, when q^^. 

For the sliding thickness, Problem 10, 

Layoflf6V=?.£;i. 
op 

When the back of the wall is vertical, the superior 
slope is assumed to be horizontal, and the exterior is 
parallel to the natural slope of earth, the point P may be 
obtained by a more simple method than those given in the 
plates. The following diagram explains the method : — 
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Paragn^h. 
Geometrical determination of the maximum thmst. 1-^ 

Lever arm of pressure 8,25 

Notation used in explanation of the constructions 10 

Explanation of the oonstructions-^general equations 11-12 

Do do rotation, Problem 1 13 

Do do do .2 14 

Do do do 3 16 

Do do do 4 16 

Do do do 6 17 

Do do.. do 6 18 

Do do do ,7 19 

Do do do 8 20 

Do do do 9 21 

Do. and general remarks on sliding 10 22-23 

Do. thickness of foundations 11 24 

Modifications in the constructions to suit another coefficient of stability and 

IcTcr arm of pressure 25 



INDEX TO THE CONSTRUCTIONS. 

ROTATION. 

Problem. Plate. Bemark. 
Back vertical, no surcharge 1 8 

Back oblique or vertical, no surcharge 2 9 

Back vertical, parapet embankment, superior slope horizontal, 

berm known 3 10 

Back oblique or vertical, parapet embankment, superior slope 

inclined, berm known 4 11 

Back oblique or vertical, any embankment, berm known 4 11 III 

Back oblique or vertical, parapet embankment, any superior 

slope, bermimknown 5 12 
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Problem. Plate. Eemark. 
Back obliqne or Tertical, parapet embankment, any superior 

slope, berm known * .* 6 12 V ' 

Back oblique or vertical, indefinite slope of earth, berm unknown 6 13 

Do do known 6 18 IV 

Back vertical do unknown 7 14 

Do do known 7 14 m 

Back oblique or vertical, counter scarp embankment 8 15 

Back vertical, breast height walls 9 8 



SLIDING. 

Back vertical, no surcharge 1 8 III 

Back oblique or vertical, no surcharge 2 9 III 

Back oblique or vertical, parapet embankment, superior slope 

inclined, berm unknown 5 12 IV 

Back oblique or vertical, indefinite slope of earth, berm un- 
known 6 18 ni 

Back vertical, indefinite slope of earth, berm unknown 7 14 11 

Back vertical, indefinite slope of earth, berm known 7 14 IV 

Back oblique or vertical, counter scarp embankment. 8 15 I 

Back vertical, breast height walls 9 8 •! 

Back inclined outwards or vertical, base inclined or horizontal, 

indefinite slope of earth, berm known 10 16 

Back inclined inwards or vertical, base inclined or horizontal, 

indefinite slope of earth, berm known 10 16 I 

Any epibankment i 10 16 III 



Thickness of foundations, rectangular 11 17 

Thickness of foundations, having an exterior batter 11 17 
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PROBLEM 9. 

To determine the thickness of a hreaet height wall when 
its back and front are both vertical. — (Fig. 2.) 

Let AB be the line of the base; AD the front of 
the. wall; DCF the outline of a portion of the para- 
pet. Through d; (—-:=^P-\ draw the horizontal 

OdM. Draw AM parallel to the natural slope, and 
AO perpendicular to AM. Then proceed as fol- 
lows : — 

1. Lay off OP=Oc?: on MA prolonged lay off 

AV= Y^ X Ad : Draw PL perpendicular to PV. This 

gives AL. 

2. On dA prolonged make An=AL. Describe a 
semicircle on dn, intersecting the line of the base at 
some point B; AB is the thickness required. 

REMARK. 
I. 2xAL is the thickness necessary to prevent sliding. 

Problem 9. 

The same result may be obtained analytically, by 
substituting the corresponding values for the different 
quantities in the following equations : — 

P=i p tang^ i ah^. 

^""N%^*^'^^' * a«tang i ^^^3^, 

5' i ptang^^g^ 4p 
e"= -jTj^ = g- tang^ i ah. 






being produced. Next, on 06 continued, make 6F= 
TiN; and on Yh continued, hV'^h. Draw P'R' per- 
pendicular to FV. On dT produced, lay off Trf'= 
R'K — TT' : describe a half circle on dd\ intersecting 
the line of the base at v: Lay off t?A=&P'. 
AB is the required thickness. 

REMARKS. 

(I.) If the bftck is yertical the construction maybe simplified by drawing 
at once YbY^, parallel, and bO perpendicular to BM. We haye, moreover, 
bV^=.nt^; andTT^=T«. 

(II.) If the back and face are parallel or equally inclined in opposite di- 
rections, the diagonals may be omitted, and the line ss^ drawn at once, 
passing through the middle of tt^. 

(III. ) To obtain the mean thickness necessary to prevent sliding, lay oflF 
Bu^sss^ B/, and project u^ horizontally on the line ss^ &t u: mu is the re- 
quired thickness. 

(IV.) Draw Px parallel to BM : make CX=cx, and join BX: BOX is the 
prism of maximum thrust. 

Pi'oblein 2. 

The same results may be obtained analytically, 
by substituting the corresponding values for the 
different quantities in the following equations : — . 

^=tang i (a^e)± tang e; P=ip^ cose h\ 
e=Ax[ ± i tang 6 (l— ^^^ cos« f)+ 

Jl^ f+ i tang^ 6 (l-^ f cos^e) -4(tang^£-tang^6') ] 



=A[±i tang b{1-^^ cqs^ f) + 



J^, f+ 1 tang^ e (l- ^ ^^cos^e) -i(tang^e-tang«6')] 

= ^(^COS^6^:p^sin2 6^). . 



parallel to AB', meeting a vertical from B' at t. As- 
sume another thickness, and proceed precisely as before 
to obtain another point ^2, which, in reference to i?, 
should be on the opposite side of AB', unless one of 
these is very near AB'. Join ii^ intersecting the line 
AB' at B. Then AB* (nearly) the thickness re- 
quired. 

The lines of construction determining i% are repre- 
sented in the diagram as dotted. 

The letters n, ti', ^, of the first construction, become 
n2, n'2, t% of the second. 

Verify and correct AB by assuming it as the thick- 
ness at base, and proceeding, step by step, precisely 
as above to determine a third point, which we will 
call <3 : if this point fall at B, AB is the required 
thickness. 

If ^3 fall above or below AB, join it with the point 
t or <2 on the opposite side of AB ; or if they are on 
the same side, with the one most distant. 

The intersection of the last line with the line AB' 
gives the corrected value of AB, or thickness sought. 

REMARKS. 
(1.) Haying found the thickness of the wall, find the corresponding posi- 
tion of P on the line ho ; which may be done with sufficient accuracy by in- 
spection, since two or more positions of P are now represented ; calling this 
point P8 mark X on the line F'E-', &t the distance P36 from the natural slope 
BM. BX limits the prism of maximum thrust. If the line BX passes to 
the left of the point E the case belongs to Prob. 7, Rem. 3. 

Problem 3. 

The same result may be obtained, by substituting 
the corresponding values for the different quantities 
in the following equations: — 

P=i i> (A+H)^(jrhr-J/*+/ tang Qu^; «=g^^; 
p cotQc" fi ^M , p'Got'Bc* , »cot0c3 —- 

p cot0c« n~yco^w~p^c^M~~~~7~^ 

» P pc^ cot e _ 8P p ^ 



TlaUyZr. 

Assume another thickness and proceed precisely as before to 
obtain another point 7^2, which, in reference to r, should be on 
the opposite side of AB, unless one of them is very near AB. 
Join r', 7^2 intersecting AB at T. AT is the thickness required. 

In the diagram the lines which determine / are full or broken ; 
the additional lines for ?''2 are broken and dotted, or dotted. 

Verify and correct AT, by assuming it as the thickness at 
base, and proceeding, step by step, precisely as above, to de- 
termine a third point, which we call r'S. If this point coin- 
cide with T, AT may be taken as the correct thickness. If 
r'S fall above or below AB, join it with the point r' or r^2 on 
the opposite side of AB; or, if they are both on the same side, 
with tlie one most distant. The intersection of the last line 
with the line AB gives the corrected value of AT, or the thick- 
ness sought. 

REMARKS. 

(I.) Through P draw a parallel to BM, meeting ^/ at x: lay off GX=^a;. BHEXB is 
the pHsm of maximum thrust, for the supposed wall ADCB. In like manner determine 
the prism of maximum thrust for the wall constructed on AT, the resulting thickness. If 
that prijsm do not include a part of the superior slope, the case belongs to Problem 6. 

(11. ) The construction is precisely the same in whatever direction the wall may be obliqued. 

(III.) If the outline of the embankment is an indefinite right line, as in Prob. 6, or a 
broken line as in Prob. 8, determine the point P as directed for those Problems : in all 
other respects follow the steps indicated aboYe. 

Problem 4. 
The same result may be obtained analytically, by substituting 
the corresponding values for the different quantities in the fol- 
lowing equations, and interpolating between two or more results. 



tang e ± 
■ i jj9 cos a 



tang 6 ^ 



h+H' 



c. h 



w 



8p sin 2 e 
2/ 



sin {a=¥e) 
f p 



y^i d^^tangeh; d^- 

-4 



■tang ^ h'j 



cos*^ a 



sin {Q^b) cos a u^ 



cos'^^esin^ {aTe) 
sin 2 B f 



n" 



h p h 

^=^i(d±\ (c±A; tange)); 
dJ^'l^ 



cos*^6COs0sin(aTi?, 
J {i±wTd)*f 



)■• 



■J 



n+ J/iH7n+-o---Q =t?'; 



e"= 



hf p COS' 



3'3 
Bf J' 



COS^ B \ 



4p 



Ti w — i 



I. 



I 1 



If 



\ 



riaJU/^ir. 



of « ; &c. TheH« ebnngee neoe^^arilj r«sutfc iWim the construction whicli applioa 
literftUj to both cases* 

(III.) If the top of the wall is entirely imcoTered — the foot of the exterior slope 
behii^ at the f^ummit of tbe bock (fig. 3), determine the point P in the manner 
given abare; observing that h colneides with e^ and that ^R^j^ hL. The remain* 
der of the construction is precisely as in Prob. 2» steps 1st and 3d, 

(IV. ) Tht ihkkm^i nece^sartf to prevml sliding is obtained by laying off; on BC, 
Bu''^! B/ ; projecting «' horizontally on the line t§^ at t* ; and laying off" «m, 
from n'^ en the line n^n^ reaching say to T'. T^t^ is tJie iwean tbickuess required* 
(tim—^'j* ''^required mean thickness.) 

(V*) To determine the thickness corre^ondmff to a given berm. Find BT — fig. 4, 
tbe requisite thickness when the top is entirely uncoTered* (Remark IIL) Draw 
Tt parallel to the face of the wall. Then suppose the foot of the eiterior slope to 
be at ^ ; and, iQ (IC in fig. 1 ) being now a given quantity, find BT^ — the cerre- 
spnnding thickness, and draw T^t^ parallel to TL On ^T lay off" t/^fC ; and^ on 
l^T^, t^f^tn. Join fj\ and through d thereon (JD=giTen berm) draw AD pa- 
rallel to the face. AB is the thickness required. To verify and correct this 
result lay off" DI the given benn, and find the requisite thickness corresponding to 
IC fts known. If that thickness be again AB, that may be taken as correct. If 
it differ from AB, use it precisely as liT' was used, to obtain AB anew. If it differ 
much from AB, some error has probably been committed in the construction. The 
ordi nates, if, Dc^, i'J\ of the curve ff which we have temporarily assumed as a 
right llnCi are the Acrm*, while the abscissas C^, CD, C^^ are the corresponding 
thicknesses at top^ 

Prohhm 5. 

Tbe same result may be obtained analytically^ by BubBtituting 

the corresponding Taluea for' the differeot c^uantitieB in the fol- 
lowing equations: — 

*■ tangflitange' " ^ '^^ " A+H' 

p. c. h 
P=i jj. cos 6 i*; i= — TT~\ rf=tang e 7i; <:?'=tangf' h; 



_/7 T\\( ^ I cos'^ a sill (fl±c)co8t< i^ \ 

~^*' A8in(ttTf) Ncos*Esm*(rt^f) co8*fCos9«in(oT6/' 

hji sin 2 e ^-^ B sin 2 € <* , , . . 

^^i(d±i (c±k tang e)); 



„ 5' 2' cos'se J' ^ . 4/> cos* f <« , 



TUtu:xnL. 



REMARKS. 

(I.) Draw Pz parallel to BM ; and, laying off HXsssAx, join BX. BHXB is the prism 
of maximum thrust. 

(II. ) If the top of the wall is entirely uncovered, determine the point P in the manner 
given above — observing that I and H coincide with C, A with e ; and that 6RaB} bL, The 
remainder of the construction is precisely as in Prob. 2, steps first and third. 

(III.) The thickness necessary to prevent sliding is obtained by laying off, on BG, 
Bu'^ibI B/; projecting u^ horixontally on the line ««^ at u ; and laying off urn, from n^, on 
the line fi^'n, reaching to a point which we will call T'. T^i^maum — n^^^assmean thickness 
required. 

(IV.^ To determine the thickness corresponding to a given berm, follow Rem. V, Prob. 
5 : abndging the process, as follows, viz : the point P being obtained for any position of 
H — say at C — ^it may be obtained for any other position — say when projected at h, by 
drawing through A a parallel to eP, and noting its intersection with 60. 

Problem 6. 

The same result may be obtained analytically, by substi- 
tuting the corresponding values for the different quantities in 
the following equations. In this Problem, c is supposed to be 
known. 



Jc^l Z-ri ; P— ii>cose<^: 

tang ± tang e^ ^ * 

sin (0±^€) /- Icos a sin (6-a)\ 
' \^">/ cost sin (e±e)/' 






cos € cos (0±€-a) 



ph 



hp sin 2 6 <^ p Bii\2 e f 



d^taxigeh] d'—tange'A; n»J (i±wTrf); 
p f 2p f 



^»i{d±i {c±kt&nge)); e— — «+<J»*+m+-g--g- ij*; 
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EEMAKKS. 

(Ip) If the foot of the slope coincide with the ^ammit of the back, we haTe T nt 
C, H at C, A at f. R at L, Gi=fl, Cj^=o and Bn=5I^-3', and BT=AB=tbick* 
tiesa required. Tho dotted lines Ludicat^ the solution fdr ttils case. 

(II,) To determiDe the thickness nece»?ary to preTent the sliding of the wftll 
along its lower coiii-acs. Join iB, meeting at C a horiiontal through t, the middle 
of BC : on that horizontal make CH'^'lbL. Then /^'^menn thickness required. 

(Ill,) To determine the thickness in Tiew of rotation for a given berm, {L) 
fig. 2. Find Bo (Eeraark T.) on th© hypothctiis that I (foot of slope) coincide 
with C. On ncr, the exteiior face, Isy off ny^^nC Determine another thickness 
B/, on the supposition tliat I coincide with «, Lay off n*y'^^^ft^n. Join t/y^'. 
Through y\ (t/D=6) draw AD parallel to eit^^rior face. AB ia the thickn&ss re- 
quired. Having found BA, Rnd laict off D I = the given berm, verity this result by 
supposing CI a given quantity and repeating the constrnction just indicated. 
If the resulting thickness is agnln All, the first result was correct; but if the 
resulting thickness differs from AB (it will never differ much unless a mistake 
has been coiiiniitted)^ use this result precisely as B^ was uf^ed^ to obtain ttie thick- 
ness required. Having obtained P from any position of H, say wben H coincides 
with C, its position for any other jsituntion of H may be found by drawing hV^ 
parallel to cp. P^ is the point required, 

(IV.) The thickness for a given berm, on the hypotbesis of sliding, may bo 
determined in a manner precisely analogous to the one just described. 

Problem 7. 

The same result maybe obtained analyticallyj by sub- 
stituting the corresponding values for the different quan- 
tities in the following equations ; — 

sin d 

cos 



n d / Icos a sin (0-n)\ 



, . I , d'* ixc 

e=~i t+iJi r+m + Y-^ — q- 
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TlaU^XV. 

Fig. 1. — Draw BV perpendicular to BO and equal to 
^Td.(BV-^A). 

Draw PL perpendicular to VP, meeting VB produced 
L: and lay off BR=§ BL. This gives BL and BR. 
).ying off BL'=»BL on CB produced, project L' verti- 
\\y on B6 at p. On ch prolonged make hl^Up\ and 
j a perpendicular to ch, hV^Up. Project I vertically 
j AB at m' ; w', by a parallel to 6c, on W at N ; and V 
Irizontally on s's at m, producing lines when necessary, 
^rough m draw a parallel to ri6, meeting T6 at T'. 
lis gives TT'. Erect the vertical Trf, meeting i't at w, 
Id cl at d. 

Pn OB continued make BP'—wN; and on VB con- 
lued, BV'=A. Draw P'R' perpendicular to P'V. 
pn dT produced lay off Trf'=R'R— TT'. Describe a 
If circle on dd' intersecting the line of the base at v. 
ly off t?a=BP'«nN. Then BA«6a=*the required 
fckness. 

REMARKS. 

t.) For the case of sliding. On be make bu^^s^ hi. Project u^ horizontally on 
t u. Then mus^required mean thickness. 
\1.) The thickness Ba, fig. 8, for the top uncovered being obtained as aboye, 
\ for the top coyered may be obtained with sufficient accuracy^ when the grade 
is gentle, by simply drawing HA parallel to Ca. ABssthickness required. 

I Problem 8. 

The geometrical solution of this Problem may be tested 
assuming the theory of the graphic process as correct, 
i calculating, for a given case, one after another, the 
reral parts, until P, the value of the thrust is obtained; 
3n using the formulas of Problem 2, observing that f 

2P 

equal to — rz • 

^ p h^ cos s 

To apply calculation to this or any similar case, substi- 

:e a straight line for the broken outline of the embank- 

mt next to the wall : the case then becomes an easy 

e of Problem 6, since we have c^Oy and k^o. If the 

sm of maximum thrust be first determined geometri- 

ly, the provisional right line may be drawn by the eye 

th great accuracy. 



I 



2 

a 






rutuxvr 

1.) Having made 67i"«B"H'' draw A'T'' parallel to AP; and 

/ perpendicular to VP" ; this gives 6L'. 

2.) Draw L'R' parallel to LR; this gives bR\ 

3) and (4) precisely as above. 

REMARKS. 

) If the back of the wall is inclined inwards, we must make bUsssbr-^-w^w, There is 
(her departure from the process above giyen. 

^.) The process above described is of course equally applicable to the case in which 
iase of the wall is horizontal, or t^^sso: and to the case in which the back is vertical, 
vzo; also to the case in which the entire top of the wall is uncovered, or in which H 
; coincide with C^. 
[L) If the wall support an embankment like that of Problem 4, or any other presented 

(s paper, the point P must be determined as already described for the profile in 
ion: care being taken to make (AsssB^H; and bgsssB^Q, 
te second position of P must be determined in like manner as the first — it not, in gen- 

I admitting of abbreviation. But, in determining j/, R^ may be found, as above, by 
ing L^R^ parallel to LR. 
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Problem 10. 



similar result may be determined analytically by means 
he following equations : — 

?he thickness for a given berm requires interpolation between 
results of two or more supposed cases, in each of which we 
pose a certain wall, having the given berm ; then find the 
responding thrust, and finally, by means of the subjoined 
ation, the particular value of e", necessary to equilibrium. 
t (e^) =«one supposed value of e"; then c= (e") — i dfTi d — b ; 



Aj« 



tang d± tang e* 

^ ^ ' cotf"Ttange 

h' P cos € 3' P sin f p.c.k did 

^'"i/Atang(^'+e^) "^ p h ~*"yA"~* T' 

2 P cos £ 2 P sin 6 ^p.c.h ^dH 

=F— ITT—— i ^TTT- — i -T • 



p'Atang(<^'+e^)"^ ph ^ ph ^ h 

calculating the value of P, it is necessary to remember that 

h+k 

slant height , which receives the thrust, now becomes 

° cos e^ ' 

bs e 



FlaUjniL, 



Problem 11. 

The moment of the revetment, in terms of the 
dimensions of the wall and triangle of superimposed 
earth, gives the following relation : — 

If the wall has already been determined so as to 
oppose a known thrust, with an excess of stability 
represented by i, we may obtain M from the follow- 
ing relation : — 



M««P (( 



r ^esm el 

cos B / 



In both of the above equations, and in those fol- 
lowing, 6 represents, as hitherto, the thickness at 
base, but this thickness is now regarded as a known 
quantity: — 

P is known by calculation. 
r(2/S± Psin e) +P(acos6+ i-^)+i/Se+^y— M 



<Cs 



p'S+p'S'iPsinf 



If the foundations be rectangular, we shall have 
S'-oand 

acos6+ix )+2/Se— M. 

x^r^ ^^^ 

pTSdiPsinf 
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